A novel process where a specimen is rotated during a slip casting under a high magnetic field has been proposed to fabricate highly textured ceramics. The usefulness of the newly proposed process has been confirmed in Si 3 N 4 ceramics processing. In the substance which the magnetic susceptibility in a, b axis is higher than that in c-axis, c < a;b , one directional crystal orientation can not be obtained in a slip casting under a high magnetic field because the free choice of crystal orientation exists in a, b axis. The one directional crystal orientation of Si 3 N 4 with c < a;b has successfully been demonstrated in the new processing. The novel concept will provide a wide application to control the crystal orientation in various substances with the magnetic anisotropy of c < a;b .
Introduction
Recently, it has been found that the crystal orientation in materials can be controlled by imposition of the high magnetic field. This principle can be applied not only to magnetic materials but also to non-magnetic materials with asymmetric unit cells. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] When materials are placed in a magnetic field, crystals exhibiting anisotropic magnetic susceptibility orient themselves with the direction of the maximum susceptibility parallel to the magnetic field. Silicon nitride ceramics have been identified as one of the promising structural ceramics with high strength at high temperature, good thermal resistance due to the low thermal expansion coefficient, and good resistance to oxidation. However, the low fracture toughness is still a drawback that hampers the potential application of Si 3 N 4 . So at present, improving the toughness of silicon nitride ceramics is one of the important technical problems in the field of structural ceramics. The controlled development of the texture microstructure in ceramics is one way to improve their properties effectively. 12, 13) In the present study, a novel process where a specimen is rotated during a slip casting under a high magnetic field has been proposed to fabricate textured ceramics with one directional crystal orientation. As a example, the crystal orientation of Si 3 N 4 prepared by -Si 3 N 4 and -Si 3 N 4 with -Si 3 N 4 seeds have been studied using this process. The -Si 3 N 4 seeds are added because they possess rod-like shape which can influence the texture effectively.
Crystal Texture Control by Magnetic Field Theory
When a non-magnetic substance is magnetized in a magnetic field, the energy for magnetization of the substance is given by eq. (1).
where M is the magnetization, B and B in are the imposed magnetic flux density and the magnetic flux density in the substance, respectively, and 0 is the permeability in vacuum
. The principle to control the crystal orientation using a magnetic field is that a magnetic torque rotates crystals to take the stable crystal orientation so as to decrease the magnetization energy.
Let us consider ceramics of the crystal structure with a magnetic anisotropy, that is, the magnetic susceptibility is different in each crystal direction. The value of the magnetization energy given by eq. (2) that is derived from eq. (1), determines the preferred crystal direction depending on the magnetic susceptibility of each crystal axis and the crystal shape.
where N is the demagnetization factor. c and a;b are c-axis and a-or b-axis of a magnetic susceptibility, respectively. When c > a;b , i.e. U c < U a;b , c-axis of crystals is the preferred axis in parallel to the magnetic field direction. In contrast, when c < a;b , i.e. U c > U a;b , a-or b-axis of crystals is the preferred axis in parallel to the magnetic field, that is, c-axis of crystals aligns to all of the directions in perpendicular to the imposed magnetic field. When the magnetic field directions are in parallel and perpendicular to the slip casting direction, let us define the direction of magnetic field as Pa and Pe magnetic field, respectively. The surfaces of top, side1 and side2 in a specimen are defined as Fig. 1 . When Pa magnetic field is imposed, the side1 and side2 become the same so that they refer to side surfaces. Table 1 indicates the expected texture of materials with different magnetic anisotropy in a slip casting under Pe and Pa magnetic fields when the gravity force can be neglected. In this Table, plane appears on the top surface. Furthermore, it is considered that the gravity force would lead the crystal orientation during the slip casting to complicate and deteriorate. It is known that the Si 3 N 4 magnetic susceptibility is c < a;b , so it is impossible to get the one-directional crystal orientation using the slip casting under a magnetic field. Based on the theory, the novel process where a specimen is rotated during the slip casting under a high magnetic field is proposed in order to get one-directional crystal orientation.
Experimental Procedure
Commercial -Si 3 N 4 powder (Mitsuwa Pure Chemicals Co. Ltd, Japan, Mean diameter: 0.7 mm) was used as the original powder to make the -Si 3 N 4 seeds. MgO of 4 mass% powder was used as the transformation additive. The original powder was mixed by use of a ball milling in ethanol for 24 h, dried at 60 C for 6 h, then poured in a graphite crucible and heated in a graphite furnace in nitrogen atmosphere for 1.5 h. The heating temperature was 1650 C. 14) The sintered powder was identified with an X-ray diffractormeter (XRD). Figures 2 and 3 show the XRD pattern and the morphology of the -Si 3 N 4 seeds.
A mixture of 88 mass% -Si 3 N 4 , 8 mass% Y 2 O 3 and 4 mass% Al 2 O 3 powders was pre-treated firstly. It was milled in distilled water followed by drying, sieving and calcinations at 600 C for 4 h. 15) The pre-treated powder and the pretreated powder with the 10 mass% -Si 3 N 4 seed were dispersed in distilled water with tetramethylammonium hydroxide (TMAH) as deflocculant, respectively. At the same time, NaOH solution was used to adjust the pH value at 11.5 to ensure electrostatic repulsion between particles. 16) After the suspension with 65 mass% solids was dispersed by an ultrasonic wave for 0.5 h, it was poured into a gypsum mold, and left to consolidate under rotating of the gypsum mold. The rotating speed was 6.25 min/turn. The Pe magnetic field of 10 T was applied to the suspensions during the slip casting at room temperature. Figure 4 shows the schematic view of the experimental apparatus with rotating. In order to examine the effect of rotating, green samples were prepared with the magnetic field and without rotating. Moreover, for comparison the sample without magnetic field was also made. After drying, the green samples were embedded in 60 mass%Si 3 N 4 + 40 mass% BN powder bed in a graphite crucible for preventing a reaction between Si 3 N 4 and graphite and heated to the temperature of 1800 C for 1.5 h in N 2 atmosphere without a magnetic field. The samples Table 1 The expected crystal orientation of the materials with different anisotropic magnetic susceptibility in a slip casting under Pe and Pa magnetic fields when the effect of the gravity force is not considered.
Magnetic field
The shape where the diameter is smaller than the length of a major axis Plane: The shape where the length and width are larger than the thickness were polished and then etched for surface morphology observation using a scanning electron microscope (SEM). Orientation indices on the top and side surfaces and the relative facial angle 17) were calculated from X-ray diffraction patterns. The details calculating the orientation indices and the relative facial angle are given in Appendix.
Results and Discussion
Figures 5, 6 and 7 illustrate the XRD profiles of the samples that were prepared by the -Si 3 N 4 powder without and with the magnetic field under no rotating and rotating of crucible, followed by sintering at 1800 C for 1.5 h. The main 18 peaks in the X-diffraction data are used for the calculation for the orientation index. It can be seen in Fig. 5 that the tendency is almost the same between the top and side surfaces of the specimen without a magnetic field. The largest orientation index is only 1.42 times higher than that obtained from the JCPDS card. 18) Moreover, the relative facial angle is 68. 7 in the top surface and 67.7 in the side surface. Most of the index is little higher or lower than the index by the JCPDS card, while, when the magnetic field was imposed without rotation of a crucible, it can be found in Fig. 6 that the (101) and (002) peaks become small in the side2 surface, however, the peaks (hk0) according to a-, b-planes do not change obviously. The relative facial angles of the top, side1 and side2 are 65.1 , 64.7 and 76.8 , respectively. When the specimen was rotated under the magnetic field, the (hk0) peaks change clearly as seen in Fig. 7 . The (hk0) peaks are lower in the top surface and higher in the side surface. The largest orientation index is 3.5 times higher than that by the JCPDS card. The relative facial angles of the top and side surfaces are 54. 4 and 72.6 , respectively. Figure 8 schematically shows the functions of the magnetic field and the rotation. When the magnetic field was imposed on the suspension, the c-axis of particles can align to various directions that are perpendicular to the magnetic field. The condition where the specimen is rotated in the magnetic field is equivalent to the case where the specimen is fixed and the magnetic field is rotated from the view of the relative motion. In this case, c-axis of the particles will be perpendicular to the plane in which the magnetic field rotates. That means that the c-axis of particles aligns to the direction parallel to the gravity direction. Figure 9 shows the microstructure of the polished surfaces of the specimens. It can be seen thatSi 3 N 4 rods appear randomly distributed in the ceramics that prepared without exposure to the magnetic field (Figs. 9(a), (b)). On the other hand, in the case of the specimens prepared with the magnetic field under the rotation of the specimen, the textured material can be obtained as seen in Fig. 9 (c) and (d). In Fig. 9(c) , the top surface of the specimen is shown and the hexagonal morphology of -Si 3 N 4 is clearly observed and the side surface of the specimen is shown in Fig. 9(d) , and the rod-like -Si 3 N 4 are obviously exhibited. Figure 10 illustrates the XRD profile and the orientation index of the sample that were prepared by the -Si 3 N 4 powder with -Si 3 N 4 seeds, followed by sintering at 1800 C for 1.5 h without a magnetic field. Although the difference between the top and side surfaces of the specimen exists, it is small. The largest orientation index is 1.62 times higher than that of the JCPDS card, and the relative facial angles of the top and side surfaces are 69. 9 and 66.8 , respectively. When the specimen was rotated under the magnetic field, the peaks changes clearly as seen in Fig. 11 . In the top surface, the (hk0) peaks are lower and higher in the side surface. On the other hand, (101) and (002) peaks are higher in the top surface and lower in the side surface. The largest orientation index is 4 times higher than that of the JCPDS card. Moreover, the relative facial angles in the top and side surfaces are 47. 2 and 85.1 , respectively. In comparison with Fig. 7 , the higher texture is seen in Fig. 11 . The reason can be explained as follows: When the crucible was rotated, the c-axis of -Si 3 N 4 seeds with rod-like morphology more easily aligned to the direction perpendicular to the magnetic field than the c-axis of -Si 3 N 4 powder did. Because the difference of the magnetic susceptibilities in the c axis and the a, b axis of the -Si 3 N 4 could be lager than that of theSi 3 N 4 . During the sintering process, the preexisting -Si 3 N 4 seeds provide the preferential nucleation sites of a newly formed phase. Because -Si 3 N 4 seeds possess high orientation, the whole specimen increases the orientation. This mechanism was discussed by Yasuda et al. 19) Figure 12 shows the SEM micrographs of the polished surfaces of the specimen. It also can be seen that -Si 3 N 4 rod grains appear randomly distributed in the specimen which was prepared without exposure to the magnetic field (Figs. 12(a), (b) ). In the case of the specimens prepared with the rotating under the magnetic field, the highly textured material can be obtained as shown in Figs. 12(c) and (d) . In Fig. 12(c) , the top surface of the specimen is shown, and the hexagonal morphology of the -Si 3 N 4 is observed. On the other hand, the side surface is shown in Fig. 12(d) , and the hexagonal rods are exhibited. Moreover, it can be seen that the rod-like -Si 3 N 4 aligns to one direction, which agrees with the theoretical consideration mentioned in the chapter 2.
According to Table 1 the materials with c < a;b can not have the one-direction orientation. The experiment, however, showed that the high texture microstructure can be obtained in -Si 3 N 4 where the magnetic susceptibility of a, b axis is larger than that of c-axis, by rotating of the crucible in the magnetic field. Table 1 can be modified to Table 2 under the condition with rotating of a crucible in a magnetic field.
Conclusion
A practically novel process has been proposed and applied on Si 3 N 4 ceramics. The following results have been obtained from the experimental work on the fabrication of Si 3 N 4 ceramics made of -Si 3 N 4 powder and -Si 3 N 4 powder with -Si 3 N 4 seeds by the rotating of a specimen during the slip casting under the imposition of a high magnetic field, followed by sintering.
(1) The magnetic field under the rotating of a specimen during a slip casting makes one-directional orientation possible in materials with c < a;b . (2) The highly orientated silicon nitride ceramics can be made from -Si 3 N 4 powder with -Si 3 N 4 seeds by rotating of a crucible during the slip casting under imposition of the magnetic field. Institute for Materials Science, Japan. This study was supported by the 21st Century COE Program ''The Creation of Nature-Guided Materials Processing'' of the Ministry of Education, Culture, Sports, Science and Technology.
The orientation index of (h i k i l i ) plane N h i k i l i defined as eq. (A·1), is evaluated from the X-ray diffraction patterns. where I h i k i l i is intensity for the diffraction line of (h i k i l i ). Moreover, in order to comprehensively evaluate over-all degree of crystalline texture, the definition of a relative facial angle F is given by eq. (A·3). 
